Nickel-based alloys are used for various applications such as in automobiles, superalloys and ship making. Their stability in acidic environments, however, is often not sufficient due to their native oxide films not withstanding harsh conditions. Carbon-based materials, in contrast, have shown high stability in acidic environments. In the present work, 4,5-diphenyl-imidazole-functionalized carbon nanotubes were investigated as a corrosion-inhibiting barrier layer on nickel alloy surfaces. We studied the corrosion inhibition efficiency of the imidazole-functionalized carbon nanotubes coated on nickel alloys. The materials were characterized using microscopy and spectroscopy methods. DFT studies were performed as well. The corrosion inhibition was evaluated using electrochemical methods. The imidazolefunctionalized CNTs were shown to be crystalline and to have tubular structures. They displayed excellent corrosion inhibition on the nickel alloy surface. Fig. 9 (a) Structure and (b) NBO charges of the protonated CNT-diphenylimidazole model optimized with implicit effects from water.
Introduction
The past decades have witnessed continuous problems with corrosion in harsh environments due to the generally poor quality of available inhibitors of corrosion and due to the instability of coating materials. Nickel (Ni) alloys have been shown to display strong resistance to corrosion in the open-air environment but weak such resistance in acidic conditions due to the increased rate of penetration of corrosive ions. The hightemperature corrosion resistance of the cobalt (Co)-decorated nickel-aluminum (Ni-Al)-coated Ni alloy was studied by Zhou et al. 1 Furthermore, the ability of yttrium (Y) to slow down the high-temperature (750 C) corrosion of the nickel-iron (Ni-Fe) alloy was studied by Xu et al. The authors stated that upon the addition of Y, the corrosion inhibition increased, operating using a reduced temperature scale. 2 They suggested as well the occurrence of an increase in the corrosion inhibition efficiency with an increased weight percentage of the composite materials. Then, corrosion inhibition in a salt medium of the zinc-nickel (Zn-Ni) alloy coated with Zn-citrate was investigated by Khan et al. 3 Furthermore, friction studies of the 5,50-dimethylhydantoin (DMH)-coated Zn-Ni alloy were carried out by An et al. 4 They suggested the occurrence of an increase as well in friction efficiency with an increased concentration of additive. With a chromium-nickel (Cr-Ni) alloy protected by liquid polymer, corrosion of the pure Ni alloy at 700 C resulting from the addition of sodium sulphate was investigated by Yuasa-caIchikawa et al. [5] [6] [7] The results indicated that the effect of sodium sulphate decreased as phase transfer occurred at high temperature. Furthermore, inhibition of Ni-Co alloy corrosion in lithium (Li)-based molten salt was investigated by Lee et al.
Their results suggested that high concentrations of Cr increased granular corrosion. 8 Liu concluded that for the Ni alloy, the surface pretreatment using a ball mill was the factor increasing the corrosion resistance, and a further machine pressing treatment at high pressure increased the corrosion resistance. 9 The pretreated surface acted as a nanolayer. Recently, carbonfunctionalized materials have shown increasing use in many elds due to their high surface areas and long life spans. Graphene oxide, carbon nanotubes (CNTs), and graphitic carbon have been studied for corrosion inhibition properties in different media. Carbon nanotubes have been shown to possess a unique property: they can be functionalized with nanoparticles and heterocyclic organic compounds. [10] [11] [12] [13] Several investigators have conducted corrosion inhibition studies of nanoparticle-decorated CNTs and polyaniline-functionalized graphene oxide due their being highly conductive materials. 14 Liu et al., for example, investigated the corrosion inhibition of a graphene-oxide-coated aluminium alloy in a salt environment. 15 The results suggested a corrosion inhibition efficiency here of about 96%, attributed to the high surface areas of the graphene oxide materials. Furthermore, reduced graphene oxide functionalized with polyvinyl alcohol was investigated as a corrosion barrier layer on aircra grade aluminium alloy in 2 M NaCl environments. 16 The results suggested the occurrence of an increase in inhibition efficiency with an increase in the weight percentage of this inhibitor. Zhou et al. concluded that CNTs added to Mg grain boundaries improved the corrosion resistance by forming complexes on the Mg grain boundaries. 17 Meng et al. studied the corrosion inhibition efficiency of cupric sulphate coated on nickel alloy; a high concentration of cupric sulphate here showed a 55% inhibition efficiency in a solution of 3.5% NaCl. 17b Carbon materials have been extensively used in various biological applications. They can also be used as ecofriendly materials.
In the present study, 4,5diphenylimidazole-functionalized CNTs were investigated as a coating material for nickel alloys. This material can be expected to serve as an eco-friendly coating material in the future, and to help to overcome water pollution problems.
Experimental

Material synthesis
CNTs, 4,5-diphenylimidazole (4,5-DPM), tetrahydrofuran (THF) and sodium hydride (NaH) were purchased from local providers, and the alloy composition is presented in Table 1 . In the functionalization of CNTs with imidazole, a mass of 30 mg of CNT material was placed in 100 mL of THF contained in the round-bottom (RB) ask and continuously sonicated for 3 h, to which 5 mg of NaH were then added. Then, to this mixture, 30 mg of 4,5-diphenyl imidazole was added, and sonication was continued for another 3 h. The resulting mixture was reuxed for 24 h at 60 C. The nal product was subjected to centrifugation at 6000 rpm. The black precipitate formed was washed with ethanol and deionised water. Finally, the materials were dried at 80 C for 24 h in vacuum.
Characterizations of materials
The functionalized CNT materials were characterized using various techniques to conrm the microstructure and crystalline structure of the imidazole derivative functional groups. The chemical functional groups were studied by using a Fourier transform infrared (FTIR) spectrometer (model 65). The crystalline structure of the composite materials was studied using a Bruker 68 X-ray diffractometer (XRD), and the microstructures were studied by using a MERLIN eld emission scanning electron microscope (FE-SEM) from Carl Zeiss and operated at 3.1 kV, and using a Techanic 500 G2 transmission electron microscope (TEM) at 200 kV. The carbon disorder was analysed by using a Wintech confocal Raman spectrometer at a laser wavelength of 450 nm.
Corrosion inhibition studies
Nickel alloy was purchased from a local market, cleaned, cut into 1 cm Â 1 cm pieces and polished with different silicon papers for improving the active surface. The polished alloys were cleaned ultrasonically for 3 h. The alloys were mounted with cold cure epoxy materials on one side. The prepared alloys were coated with a brush with dimensions of 0.3 m. The CNT composite materials were used with 3.2% polyamine as a binder. Aer coating, the alloys were dried for 24 h before using them as a working electrode. The corrosion inhibition was analysed by using a three-electrode system in an electrochemical analyzer (model CHI920D). The coated alloys were immersed for 5 days in 1 M H 2 SO 4 to monitor the life span of the coating in a corrosive medium. The coated alloys were used as a working electrode, platinum mesh was used as a counter electrode, and Ag/AgCl was used as a reference electrode for the electrochemical reaction. Potentiodynamic polarization was studied at a scan rate of 10 mV s À1 . The applied potential from open circuit potential calculations was AE 250 V. Furthermore, an impedance spectroscopy investigation was performed in order to determine the level of passivation in 1 M H 2 SO 4 provided by coating with CNT functional materials. The applied frequency ranged from 10 mHz to 100 kHz to monitor the frequency dependence of passivation. The corrosion inhibition efficiency was calculated by using the equations
and
Here I 0 and I C refer to the epoxy and CNT + DPM-coated nickel alloy, and C dl refers to the double layer capacitor. 
Computational methods
We performed theoretical studies of diphenylimidazolefunctionalized CNT using the Gaussian 09 package, revision B.01. 18 All calculations were done using the hybrid DFT functional B3LYP 19 and split-valence polarized basis set 6-31G*. 20 As a CNT model, we used the short H-terminated CNT C 100 H 20 and one of the edge H-atoms was replaced with a diphenylimidazole moiety, neutral for one model and protonated for another model. We optimized the structures, calculated frequencies, and performed molecular orbital (MO) analysis of both neutral and protonated models with implicit effects from water taken into account (dielectric constant 3 ¼ 78.3553). With implicit solvent effects, all calculations were done using the self-consistent reaction eld IEF-PCM method 21 (the UFF default model used in the 
3. Results and discussion
Spectroscopy and XRD studies
The spectroscopic studies of functional groups of the carbon nanotube chemically modied by imidazole are presented in Fig. 1a and b, which specically show Raman mappings of the CNT material before and aer functionalization. As shown in Fig. 1a , a very bright CNT mapping was observed, and was attributed to interactions between the carbon sp 2 atoms and the laser emission. As shown in Fig. 1b , the image showed scattered features, attributed to the interactions of imidazole functional groups with CNT materials through covalent bonds. Fig. 1c shows Raman spectra of the functionalized materials and CNT. 
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The D peak at 1200 and G peak at 1580 cm À1 of the functionalized materials were reduced in intensity 23 due to the interactions of the functionalized groups with sp 2 -carbon atoms., The I D /I G ratio was measured to be 1.1290 for the pristine CNT, and 1.0588 for the 4,5-DPM-functionalized CNT, with this lower value suggesting secondary functionalization on the CNT side wall. Fig. 1d shows XRD results, and hence a measure of the crystallinity, of the functionalized material and CNT. The peak appearing at a 2-theta of 10 suggested that the CNT sample was polycrystalline and that the edge carbon matrix behaved as an amorphous material due to functional groups occupying the sp 2 matrix. 24 Furthermore, the functionalized CNT materials showed a special broad peak appearing at a 2-theta of 45 , attributed to the imidazole groups covalently bound with carbon matrix. In the FTIR spectrum (Fig. 1e ), a band appeared at 1500 cm À1 , and was attributed to aromatic CNT matrix carbon stretching. A stretching frequency band also appeared at 1490 cm À1 , and was associated with C]C vibration. 25 And a stretching band also appeared at 2500 cm À1 , and was associated with the ve-membered-ring carbon atoms. Fig. 2a suggested that 4,5-DPM formed p-p interactions with the carbon nanotube through covalent bonding, with free electrons of the imidazole nitrogen electrostatically interacting with the nanotube matrix. 26 The examined elements were regularly distributed over the CNT matrix. Fig. 2c shows dark green colour for nitrogen interactions with CNT carboxylic groups and nitrogen p-p electrons interacting with the carbon matrix. Fig. 2e shows the acquired TEM image of the 4,5-DPMfunctionalized nanotube; the dark carbon dot observed in the middle of the CNT was due to the presence of imidazole. This conclusion was conrmed by inspecting the images shown in Fig. 2f and g, with Fig. 2g showing the open wall CNT.
Microstructure studies
Electrochemical stability
The functionalized materials were studied for their electrochemical stability in the three-electrode system. We investigated the redox stabilities using different applied potentials. As seen in Fig. 3a , at 5 mV s À1 , ve cycles did not change the CV pattern due to the structural stability at low voltage. With an increase of applied voltage to 8 mV, the CV pattern changed and showed a broad redox peak, due to delocalization of the electrons of the host molecule imidazole ve-membered ring. 27, 28 Furthermore, with the increase of the applied potential to 10 mV, the stability of redox behaviour did not change, due to the electrostatic attraction between the imidazole and the carbon matrix. 29 The electrochemical study showed excellent stability of the functionalized material in the studied acidic environments. Fig. 4 shows the results of coating thickness studies for the epoxy and 4,5-DPM functionalized CNT-coated nickel alloy. 4,5-DPM-functionalized CNT showed a wettability angle of about 85 , and epoxy-coated nickel alloy showed a wettability angle of about around 26 . [30] [31] [32] The surface wettability results were consistent with the results of spectroscopy studies. As listed in Table 2 , the epoxy-coated nickel alloy showed a thickness of about 1026 A, which suggested that in this epoxy-coated nickel, only epoxy functional groups were present. 33, 34 The 4,5-DPMfunctionalized CNT-coated nickel alloy showed an approximately 200 nm wave form, due to the presence of hydroxyl groups and other active functional groups present at the coating surface. Corrosion current densities increased, due to the alloy having undergone corrosion. [35] [36] [37] [38] Corrosion potential decreased, due to cathodic hydrogen evolution, and indicating that anodic alloy dissolution increased. The 4,5-DPM-functionalized CNT carbon-coated nickel alloy corrosion current densities decreased and corrosion potential increased due to strong physisorption of the 4,5-DPMfunctionalized CNT on the alloy surface. Thereby, hydrogen evolution was suppressed by the 4,5-DPM-functionalized CNT materials blocking the active alloy surface. Hence, CNT functionalized materials resulted in an increase in coating passivation. The corrosion inhibition values are presented in Table 3 . Fig. 5B -D show results of impedance spectroscopy of epoxycoated nickel alloy. Nyquist semicircles were observed to be suppressed, as the corrosive ions diffused to the coating due to the poor passivation provided by the epoxy coating on the alloy surface. Furthermore, the solution resistance and charge transfer values were decreased, due to hydrogen evolution on the alloy surface. Therefore, epoxy coating failed to provide long-duration durability in harsh environments. [39] [40] [41] For the nickel alloys coated with 4,5-DPM-functionalized materials, the sizes of the Nyquist semicircles were increased, attributed to the strong adsorption of the active functionalized materials on the alloy surface. Furthermore, the impedance frequency and impedance phase angle were observed to be increased, attributed to strong chemisorption of the CNT functionalized carbon materials on the alloys. The double layer capacitance values were observed to be decreased by effect of the CNT functionalized materials. The impedance values are presented in Table 2 .
Corrosion inhibition studies
The impedance spectroscopy and potentiodynamic polarization studies revealed 4,5-DPM-functionalized CNT to be an excellent corrosion-retarding material in acidic medium.
3.6. Alloy microstructure studies Fig. 6 shows, the surface morphologies for the epoxy-and 4,5-DPM-functionalized CNT-coated nickel alloys aer ve days of immersion in a corrosive medium. For the epoxy-coated nickel alloy, uniform corrosion occurred, attributed to the epoxy coating peeling off from the alloy surface. However, the physisorption on the alloy surface was also weak, due to the initiation of pitting corrosion on this epoxy-coated nickel alloy surface. And the epoxy-coated nickel alloy grain boundaries were severely affected due to the poor epoxy coating stability, as shown in Fig. 6b . Furthermore, the lack of protective groups on the epoxy coating resulted in this epoxy not having sufficient protection on the coating. However, the 4,5-DPM-functionalized CNT-coated nickel alloy showed a smooth surface and localized corrosion diminished by the CNT functionalized coating materials. The CNT non-bonding electrons were implicated in physisorption of the material on the nickel alloy surface and imidazole nitrogen free electrons were implicated in chemisorption on the nickel alloys. [42] [43] [44] [45] [46] Thus, an excellent corrosion barrier coating layer due to the strong physisorption on the alloy surface was created. The coating of functionalized materials also reduced the occurrence of hydrogen evolution. However, no oxygen element was detected on the surface, because the alloy did not become corroded by any aggressive oxygen-containing species. The corrosive ions were not able to penetrate the coated layer because of strong hydrophobic nature of CNT as shown from the surface wettability results.
3.7. Mechanism of 4,5-DPM functionalization of the CNT Fig. 7 shows a proposed mechanism of the 4,5-DPM functionalization of the CNT. According to this proposal, subjecting the CNTs to acidic conditions resulted in opening up the functionalized side, aer which a cyclo addition on the CNT took place, with the imidazole primary nitrogen atom sharing a pair of electrons with the CNT carboxylic cation to form the covalent N-C bond. 47-49
Computational studies
The optimized structures and calculated NBO charges of the neutral and protonated CNT-diphenylimidazole models calculated with the implicit water effects are provided in Fig. 8 and 9 , respectively, and two unoccupied and six occupied molecular orbitals of these models are presented in Fig. 10 and 11 , respectively. In our calculations, as can be seen from Fig. 8a and 9a, the CNT structure did not become distorted upon binding the diphenylimidazole molecule, both for neutral and protonated forms, and the phenyl group of diphenylimidazole, located next to the end of the CNT, avoided close contacts with the CNT for both the neutral and protonated structures as indicated by the ca. 2.59-3.11 A distances between this moiety and the CNT. 50
Comparison of the neutral and protonated species showed quite similar structures. Relative to the neutral structure, in the protonated structure, the C-C bonds between the imidazole and two phenyl moieties were just 0.002-0.005 A shorter, and the C(CNT)-N(imidazole) bond 0.016 A longer, with distances between the horizontally aligned phenyl moiety and the CNT shortened by ca. 0.05-0.09 A. Also, the distances between the horizontally and vertically aligned phenyl moieties were ca. 0.18-0.19 A longer. During the binding of the diphenylimidazole unit (neutral or protonated) to the CNT, a signicant transfer of charge was calculated to occur to the N-center from the C-atom connected to the diphenylimidazole, ca. 0.36-0.38e (compared to the charges at the C-atom connected to the diphenylimidazole, 0.17/0.14e, and at the neighbouring C-atoms of the CNT, À0.21/ À022e) ( Fig. 8b and 9b ). Signicant negative charge, ca. À0.50e, was also calculated to accumulate on another N-atom of the diphenylimidazole (cf. Fig. 8b and 9b ). In the protonated species, the positive charge was calculated to be partially smeared over the imidazole moiety, which could be seen from the slightly higher positive charge on its C(H)-atom and slightly decreased negative charge on its N-C(CNT) atom.
Analysis of the molecular orbitals of the neutral and protonated CNT-diphenylimidazole models showed several features ( Fig. 10 and 11 ). (i) The HOMO and LUMO/LUMO+1 of the neutral model were calculated to be dominated by contributions from the CNT, whereas HOMOÀ1 -HOMOÀ3 and HOMOÀ5 were calculated to have signicant contributions from the diphenylimidazole moiety as well. (ii) The HOMO and LUMO/LUMO+1 of the protonated model were also determined to be dominated by contributions from the CNT, a feature also indicated for HOMOÀ1 -HOMOÀ7 (HOMOÀ6 and HOMOÀ7 are not shown in Fig. 11 ), whereas HOMOÀ8 of this model was determined to be strongly dominated by contributions from the diphenylimidazole moiety, a feature differing between the protonated model and the neutral model. (iii) The energy difference between HOMO and HOMOÀ1/HOMOÀ2 for each of the two models was found to be not too signicant, ca. 1.2-1.3 eV. Thus, participation of these orbitals in (electro) chemical processes should be considered possible. (iv) In the protonated model, all of the MOs were calculated to be somewhat more stable, and hence predicted to be slightly less reactive, than for the neutral model. (v) Our calculations indicated the global hardness h values of the both CNT-diphenylimidazole models to be relatively low and the global soness s values to be quite noticeable, specically ca. 27-28 times greater than the global hardness values, as summarized in Table 4 (the global reactivity parameters were computed using energies of two couples of MOs of the system studied, HOMO & LUMO and HOMOÀ1 & LUMOÀ1). [51] [52] [53] [54] [55] [56] [57] This result suggested that this system would be highly reactive towards oxidizing agents attacking the surface. This conclusion was also supported by relatively small HOMO-LUMO energy gap value (DE) for the CNT-diphenyl imidazole models (Table 4 ). Low global electronegativity (c) and electrophilicity (u) values suggested high potential reactivity of the CNT-diphenylimidazole system with oxidizing electrophilic agents.
The combination of the calculated parametersrelatively narrow HOMO/LUMO gap along with the MO composition and computed global reactivity parameters and NBO chargessuggested that the CNT-diphenylimidazole material would interact well with various oxidizers, thus protecting the Ni alloy surface and acting as a corrosion inhibitor. Interestingly, for both the neutral and protonated CNT-diphenylimidazole models, very similar calculated global reactivity parameters values were obtained, indicating that both models would have similar reactivities towards oxidizing agents and thus quite similar anticorrosion properties. 
Corrosion mechanisms
The 4,5-diphenyl-imidazole-functionalized CNT could support electron redistribution to the nickel alloy surface. Hence, the free electrons of the primary nitrogen of the 5-membered imidazole ring would delocalize to the nearby positively charged nickel alloy surface, and thus the CNT would act as a booster for electron delocalization due to the strongly electron-donating multifunctional ring and non-bonding electrons contributing to the transfer of electrons to the electron-decient alloy surface. The surface wettability studies were supported by electrochemical results. The CNT could be physisorbed on the alloy surface. Furthermore, the DFT results suggested that electrons could be donated to the alloy surface. And the hardness and soness values supported the electron donation to the nickel alloy surface. Finally, the imidazole derivative was indicated to act as an excellent donor of electrons to the nickel alloy surface.
Conclusions
4,5-Diphenyl-imidazole-functionalized CNTs have been studied as a corrosion inhibitor. The spectroscopy studies revealed that the imidazole derivative covalently functionalized the CNT matrix. Furthermore, XRD results conrmed its crystallinity.
The microscopy studies suggested that the CNT formed a continuous tubular structure a few nanometres long. The corrosion inhibition studies, including the DFT studies, suggested that the functionalized materials could provide excellent inhibition of corrosion of the nickel alloy surface. We expect the imidazole-derivative-functionalized CNTs to nd use as a green corrosion inhibitor in the future.
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